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Abstract 
Different types of laser sources can be used for polymer welding. By the principle of laser transmission welding the 
wavelength of the laser is one of the most important criteria when selecting a laser source as the optical properties of the 
polymers are depending on the wavelength. Up to date white material cannot be welded to each other. The results show 
that by analysis of the optical properties, especially the absorption and the scattering coefficient and adaption of the laser 
wavelength the process limits can be extended.  
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1. Motivation 
Since its introduction transmission welding continuously gained importance and opened up a wide field of 
applications within the plastic industry [Bachmann et al., 2002]. The main reason for this development is the 
targeted and contact-less energy input of the process which allows joining with low thermal and mechanical 
stress. The principle of transmission welding is based on the different optical properties of the parts to be 
welded (Figure 1, left). 
A transparent and an absorbing part are arranged and clamped in an overlap configuration with the transparent 
part facing the laser beam. Typically, most of the laser radiation passes the transparent part without interaction 
and penetrates the absorbing part where it is absorbed and converted into heat. By thermal conduction the 
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generated heat is distributed in both parts fusing and joining them at their interface [Poprawe, 2011]. Thus, the 
optical properties of the used material combination are decisive for the welding process. While one of the
joining partners has to be highly transparent at the used wavelength of the laser radiation, the second
component has to absorb sufficient laser power.
Fig. 1. Principle of transmission welding (left), degree of complexity in laser transmission welding (right) [Sieffert, 2003]
This paper contributes to transmission welding of white polymers which among different colour combinations
are considered as most difficult to weld (Figure 1, right). The reason is titanium dioxide (TiO2) pigments
which normally are added to the polymer in order to give it a brilliant white tone [Schulz, 2002]. However,
TiO2 causes strong scattering which is responsible for its colour brilliance on the one side but complicates the
energy deposition in the joining plane on the other side. Up to now only parts with low TiO2 content and thus
low opacity could be welded. In the following it will be shown how the limits can be extended to higher TiO2
contents enabling welding of fully opaque parts.
2. Interaction between laser radiation and polymer
In laser transmission welding the transparent part usually is assumed to have no influence on the penetrating
laser beam which is acceptable for amorphous thermoplastics without additives. Semi-crystalline polymers or 
polymers containing additives such as TiO2, however, interact with the incident laser beam and have an
impact on its propagation (Figure 2).
Fig. 2. Interaction between laser radiation and polymer
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When a laser beam (which is assumed to fall vertically onto the surface) hits the surface of a polymer part it is
partly reflected (Rg), whereas the major part of the radiation (I0) enters the material and is attenuated according
to Lambert- ex as the extinction coefficient.
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The extinction coefficient consists of two parts which, with conventional measurement of the optical
properties, cannot be determined separately.
The first part is the absorption coefficient (Cab) indicating the proportion of radiation absorbed and 
transformed into heat due to the absorption capacity of the polymer. In laser transmission welding the
absorption coefficient of the transparent part is usually close to zero whereas in the absorbing part it assumes
much higher values.
Crystals, grain boundaries or additives can deflect the radiation out of its original direction of propagation 
which is represented by the scattering coefficient (Csc). The scattered part of the radiation is not absorbed and
exits the material on the inlet side as diffuse reflectance (Rd) and as diffuse transmittance (Td) on the outlet
side. Furthermore, on the outlet side undeflected radiation (Tg) with the same direction as the entering
radiation emerges. Those portions of reflectance and transmittance can be summarized as total transmittance
(T) and total reflectance (R) which are connected as follows:
dgdg RRRTTTRTA ,,1 (2)
Hence, the portion of absorbed radiation (A) can be calculated from the measurement of the total
transmittance and reflectance [Roesner et al., 2009].
3. Process characteristics
In white amorphous polymer parts the propagation is mainly influenced by scattering caused by TiO2.
Depending on the concentration of TiO2 and the thickness of the transparent part the beam diameter enlarges
which in turn decreases the intensity of the beam. 
Furthermore, the intensity distribution of the beam also changes due to scattering. A top hat distributed 
intensity which is usual for fiber coupled diode lasers turns into a Gaussian-like intensity distribution.
Compared to top hat a Gaussian distribution leads to an inhomogeneous energy input with a high intensity in 
the beam center and low intensities at the sides resulting in a lens-shaped weld seam [Roesner et al., 2009].
To demonstrate those effects polycarbonate (PC) samples with different TiO2 concentrations were welded to
carbon black filled (0,3%) PC samples (Figure 3). 
Fig. 3. Influence of TiO2 concentration on weld seam and power demand (sample thickness 1mm)
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For the trials a conventional diode laser (wavelength 968 nm) combined with a fiber (core diameter 400 μm) 
and an optical system (focal length 200 mm) was used. The feed rate was kept constant at 1000 mm/min. 
First, a PC sample without TiO2 is welded which serves as reference (Figure 3, left). The maximum possible 
power for this combination is 3 W. Further increase of power leads to decomposition of the absorbing part. 
Without scattering involved the seam width is about 500 μm. With 2% TiO2 the parts could only be joined 
upwards from 35 W, thus the power demand is more than ten times higher as without TiO2. At this level of 
power the seam width is approximately 1 mm (Figure 3, right). For the same welding image a sample with 
0,4% TiO2 requires 15 W power (Figure 3, middle). 
This example illustrates that with conventional wavelengths used in polymer welding (~1 μm) the beam 
diameter strongly enlarges due to scattering. This in conjunction with the reflectance of the transparent part 
reduces the intensity of the beam in the joining plane which has to be compensated with higher powers.  
In contrast to the joining plane the beam on the surface of the transparent part is not enlarged and thus has a 
considerably higher intensity. A wide difference in intensity leads to decomposition on the surface of the 
transparent part before it is molten in the joining plane as it can be observed when both joining partners are 
white. Compared to the carbon black filled parts used in the example above the reflectance of white absorbing 
parts is much higher, thus less radiation is converted into heat which increases the power demand additionally. 
Using the same laser source as in the example above only white PC parts with a maximum TiO2 content of 
0,4% could be welded without decomposition. Same applies to white coloured semi-crystalline polymers like 
polypropylene (PP). Since its semi-crystalline structure additionally causes scattering the power demand is 
higher compared to PC with the same content of TiO2.   
4. Adaption of the wavelength 
The optical properties of polymers usually display strong wavelength dependence especially in the near 
infrared range. Using newly developed diode lasers with wavelengths larger than 1400 nm areas with 
favorable optical properties can be exploited.  
Usually the optical properties of the transparent part are obtained from measuring the total transmittance and 
reflectance. The absorbance is then calculated according to equation (2). In this paper a characterization of the 
transparent joining partner is carried out instead. This approach was developed at Fraunhofer Insitute for 
Laser Technology (ILT) and offers the advantage of being independent from the thickness of the measured 
sample. Instead of measuring the optical properties for different sample thicknesses only one measurement of 
directed transmittance (Tg), total transmittance (T) and reflectance (R) is necessary. With the help of the four-
flux model those measurements are converted into three characteristic values which can furthermore be used 
to calculate the intensity distribution of the transmitted beam in the joining plane [Aden et al., 2010].  
The first two values, the scattering (Csc) and the absorption coefficient (Cab), have been already introduced as 
parts of the extinction coefficient. With the four-flux model they can now be determined separately. The third 
characteristic value is the anisotropy factor (g) which describes the average direction of the scattered 
radiation. It covers values from -1 to 1. For positive g values the scattered radiation is mainly directed forward 
whereas negative values indicate backwards directed scattering. For g equal zero the scattering is isotropic 
[Ichimaru, 1978]. 
In the following PC with two different TiO2 contents (0,4 & 2%) is characterized. Therefore spectra (Tg, T, R) 
are recorded with a UV-VIS-NIR spectrometer (Lambda 1050, PerkinElmer) [ISO, 1999] and the 
characteristic properties are calculated (Figure 4). 
The first thing to be noticed is that for both contents of TiO2 the absorption coefficients are equal. TiO2 
pigments thus do not contribute to the absorbance of PC. The scattering coefficient however rises 
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considerably with the TiO2 content especially at about 1 μm wavelength which was to be expected with the
welding results in section 3. Since both scattering coefficients decline higher wavelengths seem to be better 
suited for transmission welding. For PC this only applies up to 1600 nm wavelength at which the intrinsic
absorbance and the absorption coefficient respectively start to increase [Weyer, 1987]. Although the
absorption coefficient drops back to small values between 1800-2000 nm a beam source in this wavelength
range should not be chosen. Considering the anisotropy factor reveals that over 1600 nm the scattering is
approximately isotropic which indicates high reflectance within the material. Thereby the effective distance 
covered by the penetrating beam is much higher than the sample thickness which along with a low absorption 
coefficient can result in a high total absorbance of a sample. To illustrate this, absorbance of a 1 mm sample
with 2% TiO2 was
Fig. 4. Characteristic coefficients of PC with 0,4 and 2% TiO2
determined at 1530 and 1940 nm wavelength according to equation (2). Although at 1940 nm the scattering
coefficient is half as big as at 1530 nm the low absorption coefficient in conjunction with nearly isotropic
scattering leads to 26% absorbance whereas at 1530 nm it is only 3%. This shows clearly that when the 
scattering is isotropic the influence of the absorption coefficient can be easily underestimated. Hence, the 
wavelength of the laser source should be as high as possible to minimize scattering but not exceed 1600 nm 
due to emerging absorbance of PC. Among available laser sources a diode laser with a wavelength of 
1530 nm complies best with the requirements. 
5. Calculation of intensity distribution in the joining plane
In the previous section PC with two different TiO2 contents was characterized by thickness independent
characteristic coefficients. To chose an adequate laser source the characteristic properties need to be
interpreted correctly which can be complex in some cases. Another way is using the characteristic coefficients 
to calculate the intensity distribution of the beam in the joining plane. Thereby the enlargement of the beam 
diameter and the reduction of the intensity can be visualized.
In Figure 5 the intensity distributions for different TiO2 contents at different wavelengths are presented which
were calculated with the ray tracing software ZEMAX®. The thickness of the penetrated PC sample is 1 mm
and the intensity of the incident beam is assumed being tophat-distributed as it is usual for diode lasers.
First the intensity distributions for the laser source used in section 3 (968 nm) are calculated (Figure 5, left).
As all values are normalized to the intensity of a PC sample without TiO2 it can be seen that already with
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0,4% TiO2 the maximum intensity is reduced to approximately 14%. To compensate this, the power needs to
be increased by the factor of six which roughly corresponds to the results in Figure 3. For 2% TiO2 the 
intensity decreases to nearly zero so that compensation is not possible since it would cause decomposition on 
the surface of the transparent part.
Fig. 5. Intensity distribution in the joining plane at different TiO2 contents (thickness of penetrated sample 1 mm)
At 1530 nm the intensity loss is considerably smaller. With 0,4% TiO2 the intensity decreases to 35%,
whereby the distribution remains nearly tophat. Only when the sample contains 2% TiO2 the intensity is
reduced to approximately the same level as with 0,4% at 968 nm. Thus, if samples with 0,4% TiO2 can be 
welded at 968 nm welding of white polymers with 2% TiO2 should be possible using a laser source emitting at
1530 nm.
6. Welding Results
To determine whether fully opaque parts can be welded with an adapted laser source welding trials with the 
same setup as in section 3 but a 1530 nm diode laser are carried out. The feed rate was set constant to
1000 mm/min. 
Both joining partners have a thickness of 1 mm and a TiO2 content of 2%. The absorbing part additionally 
contains 0,5% indium tin oxide (ITO) as absorber. First PC samples are welded followed by PP samples
which are additionally tested for strength.      
With PC samples welding begins at 30 W and the power can be increased to the maximum (80 W) without 
decomposition. Replacing the transparent part with a sample without TiO2 welding begins at approximately 
4 W which suggests that the calculated intensity loss due to TiO2 is indeed as high as calculated
(Figure 5, right).
To determine the joint strength PP samples with same TiO2 and absorber content as PC are welded and 
subjected to a tensile shear test. The parts are welded with a 30 mm seam which is loaded in transverse 
direction in the tensile shear test. Since PP is semi-crystalline scattering occurs even when no TiO2 is added. 
The intensity loss and thus the required power with 2% TiO2 should be higher as with PC samples. Figure 6 
shows the result of the tensile shear test.
0% TiO2
0,4% TiO2
2% TiO2
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As expected due to additional scattering of PP welding begins at higher powers than with PC samples. At the 
maximum power of the used diode laser the breaking force reaches an average of 931 N. Since the slope of 
the curve decreases the maximum of the breaking force is to be expected between 80-90 W which however 
could not be verified due to limited power of the used laser.
Fig. 6. Breaking force of PP samples in dependence of laser power (sample size for each test point: 3)
This clearly shows that fully opaque white samples with a TiO2 content of 2% can be firmly welded by using 
an adequate beam source. It is noticeable though that at higher powers the process is sensitive to particles as
dust on the surface of the transparent part. Those can inflame due to the high intensity and initiate
decomposition.  
7. Conclusion and outlook
To obtain a white and fully opaque tone polymers are added a sufficient amount of TiO2. Up to now such 
polymers were considered as non-weldable by the means of laser transmission welding. The analysis of the
characteristic properties reveals that outside the conventional wavelength range of polymer welding there are
areas with more favorable properties. New diode lasers provide a broad variety of wavelengths which allows
exploiting those areas by adapting the wavelength and thus enable welding of white parts with high opacity
(Figure 7).
Fig. 7. Highly opaque sample (left) and a sample with low opacity (right) welded to a carbon black filled sample
0,4% TiO22% TiO2 
Weld seam is 
visible beneath
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Thereby laser transmission welding can expand into new areas like household appliances where mainly white 
polymers are used. 
With the method presented in this paper a material characterization is obtained by only one measurement of 
total transmittance, directed transmittance and reflectance. The characteristic properties can additionally be 
used to calculate and visualize the intensity distribution in the joining plane with the help of ray tracing 
software.  
Current work addresses the temperature distribution in the joining plane based on the calculated intensity 
distribution. The results obtained to date look promising but require further work to increase accuracy. An 
important point is the influence of the absorbing part on the intensity distribution which with white parts 
cannot be neglected and thus needs to be considered in the calculation.    
By calculating the temperature distribution which gives information on the geometry of the weld seam there 
would be the possibility to run through the process backwards. Starting from any seam geometry the laser 
wavelength or the irradiation strategy is iteratively adapted until the seam geometry meets the requirements.    
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